Abstract: La0.6Sr0.4M0.1Fe0.9O3-δ (M: Co, Ni and Cu) perovskite nanostructures were synthesized using low frequency ultrasound assisted synthesis technique and effect of substitution of Fe by Co, Ni and Cu on crystal structure and mechanical properties in La0.6Sr0.4FeO3-δ perovskite were studied. The HRTEM and Rietveld refinement analyses revealed the uniform equi-axial shape of the obtained nanostructures with the existence of La0.6Sr0.4M0.1Fe0.9O3−δ with mixed rhombohedral and orthorhombic structures. Substitution of Cu decreases the melting point of La0.6Sr0.4FeO3-δ. The results of mechanical characterizations show that La0.6Sr0.4Co0.1Fe0.9O3−δ and La0.6Sr0.4Ni0.1Fe0.9O3−δ have ferroelastic behavior and comparable elastic moduli, however, subtitution of Ni shows higher hardness and lower fracture toughness than Co in Bsite doping. This manuscript reports the characteristics such as structure, phase changes and composition, particle size and morphology of the resulted La 0.6 Sr 0.4 M 0.1 Fe 0.9 O 3−δ (M: Co, Ni and Cu) nanostructures prepared by sonochemical synthesis and compare their mechanical characterizations. In this regard, I would be thankful to you if you could kindly consider our manuscript and do the needful for favor publication.
Introduction Reversible solid oxide cell (RSOC) technology as a solid-state and high efficient electrochemical energy conversion device is one of the most promising electricity storage/generation options and has been projected as a key component of the future electric grid to increase efficiency and allows large-scale penetration of intermittent renewable resources [1] [2] [3] . It is constructed of a membrane electrode assembly comprising a laminated fuel electrode, solid electrolyte and oxygen electrode. Due to high temperature operation and having highly exothermic and endothermic reactions during fuel and electrolysis cell modes, respectively, one significant challenge of designing RSOC system is its thermal management and long term stability and durability [4, 5] .
The developments of perovskite materials with a flexible crystal structure (ABO 3 ) have received many attentions as their structures can be tailored by doping and/or co-doping strategies and obtain various properties accordingly. It has been demonstrated that the appropriate selection of the A-and B-site elements (or element combinations) can change their electrical and electrochemical characteristics and thus render them more useful as SOFC components materials [6, 7] . Lanthanum-based perovskite-structured material with general formula of La 1-x Sr x Co y Fe 1-y O 3-d (LSCF) has been extensively studied due to its promising mixed electronic-ionic conductivity and high oxygen surface exchange rate as an oxygen electrode material [8] . However, the formation of insulating secondary phases and cations inter-diffusion across the interface of electrolyte/electrode layers have been observed due to the high diffusivity of the metal component such as Co [9] in perovskite structure which has a large flexibility and can accept a variety of cations. To suppressing this drawback, the feasibility of other transition metals substitution in the B-site in LSCF   1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64 was prepared by low frequency ultra sound assisted synthesis method to study and compare their structural and mechanical characterizations.
Experimental
The stoichiometric proportions of La, Sr, M (Co, Ni and Cu) and Fe nitrate precursors were dissolved in distilled water by magnetic stirring in order to obtain a homogeneous solution.
NaOH solution was added to the precursor solution under vigorous mechanical stirring along with the ultrasonic irradiation (~50 kHz) for an hour. The role of NaOH was to maintain the pH during the synthesis of La 0.6 Sr 0.4 M 0.1 Fe 0.9 O 3−δ nanomaterials. The subsequent filtration of the obtained material was performed. The filtered residues were redispersed and washed with distilled water for several times until the washed solution reaches neutral pH. Finally, the obtained materials were dried and then calcined at 800 ºC for 2 hours. The details of the synthesis have been reported elsewhere [12] . The thermal analysis of the as-dried materials was characterized by thermo-gravimetric (TG) analysis using Netzsch-STA 449C.
The calcined nanopowders were characterized by X-ray diffraction (XRD, Bruker D8) using TOPAS software and transmission electron microscopy (Tecnai F20 FEG and FEI TITAN G2 80-300) analyses to study for their structure, particle size and chemical analysis. The calcined powders were uni-axially pressed (90 MPa) to fabricate discs (D=25 and t=3 mm) and bars (3×5×30 mm) which were sintered at 1250°C for 2h. The structural characteristics of sintered discs were analysed by XRD with the same equipment and steps size of 0.001º. The discs were suspended by soft springs to simulate a "free-free" boundary condition and were excited by an impact hammer. The vibration of the discs is captured by a microphone which was connected to a data acquisition system. Once the experimental resonant frequencies were identified, the elastic modulus was computed using the following relationship [13] : (1) where ʋ=0.3 is poisson´s ratio, h and r are thickness and radius of disc, respectively. The variables f 20 and f 01 correspond to the first two resonant frequencies of the disc. The details of the method have been reported elsewhere [14] . Bars were used in three-point bending tests using Zwick/Roell Z2.5 TN testing machine with a crosshead speed of 0.5 mm/min and a span width of 20 mm at room temperature.
The Vickers microhardness of the sintered discs was measured using Struers microhardness tester under ambient conditions. The hardness was determined by the ratio of the applied load via a geometrically defined indenter to the projected area of the resultant impression using relationship:
where P is the applied load and a is the indentation diagonal length. In a typical indentation test, load was varied from 5 to 20N for a dwelling time of 15s. At least ten indentations were made for each load on all the samples. The fracture toughness was calculated by the 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 5 indentation technique using the same instrument. Both diagonal lengths of the indentation images and crack lengths were measured by scanning electron microscopy (SEM) and the fracture toughness (K IC ) values were calculated by the method of Palmqvist cracks. Fig. 1 shows the thermal characteristics of the as-dried nanomaterials, which demonstrate the reactant precursors undergoes similar two stages of decomposition followed by the crystallization phases which resulted in the range of 16 to 22% of total weight loss until
Results and discussion
900°C. An initial weight loss was noticed up to 400°C that corresponds to the evaporation of surface water and the dehydration of the nanomaterial. The second weight losses were perceived between 400 and 800°C attributed to the decomposition of carbonates such as lanthanum carbonate which explained elsewhere [12] .
The XRD patterns of calcined powders and sintered discs were indexed and analyzed by Rietveld refinement using the perovskite models of La 0.6 Sr 0.4 FeO 3 (LSF) with space group of R-3c (rhombohedral) and Pnma (orthorhombic) with fixed site occupancy factors to the nominal values and pseudo Voigt peak shape. The temperature factors of the La/Sr and Fe/M (M: Co, Ni and Cu) sites were constrained to be the same values reported by Sora et al. [15] . As shown in Fig. 2 and Table 1 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65   6 sintering. MFe 2 O 4 formation is in contrary to Zhang [11] and Vogt et al. [16] LSCuF samples sintered at 1250 ºC/2h were deformed due to lower melting point of these samples containing copper in B-site of perovskite structure, which were also reported by Vogt et al. [16] . Therefore, further characterizations were done on LSCF and LSNF perovskites. Table 7 shows the elastic properties of prepared LSCF and LSNF perovskites calculated by impulse excitation technique as high precision dynamic method [18] 3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 7 where E 0 is the elastic modulus at zero porosity (P=0) [19] . The porosity of sintered discs were obtained by comparing bulk density and theoretical density of discs which calculated using crystallographic density of each phase and its corresponding weight percent obtained by XRD analyses by the rule of mixture. As it can be seen in Table 2 , E 0 of the samples were calculated to avoid the effect of porosity, which shows that LSCF and LSNF have comparable elastic modulus.
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